The interpenetration of two polymer brushes on approaching flat surfaces has been investigated. When compacting polymer brushes with an asymmetric charge on each surface, one neutral and the other weakly charged, we find that the brush interpenetration becomes a parameter that can be controlled by the pH of the hydrating solution. The switching between high and low degrees of brush interpenetration was investigated with numerical selfconsistent field theory (nSCF) and experimentally using a sample environment which combines neutron reflectometry with a surface force type apparatus. Initially, a pair of uncharged poly(ethylene oxide), PEO, brushes are examined, where one of the brushes is 2 deuterated to distinguish it from a hydrogenous counter-part. We find in both nSCF and these experiments that there is no significant overlap between the brushes as both compact into polymer blocks with little hydration. However, when a weak polyelectrolyte poly(2-(dimethylamino)ethyl methacrylate), PDMAEMA, brush is confined against a deuterated neutral PEO brush and the pH of the hydrating solution is below the polycation's pKa of 7.5, then the presence of charged groups on the PDMAEMA allows significant interpenetration to occur between the two polymer brushes on contact. This interpenetration remains once the polymer brushes dehydrate due to the confining pressure that is applied. Raising the pH to a value above the pKa, removes the charges from the polyelectrolyte brush resulting in little to no interpenetration between the two brushes. Therefore, by simply adjusting the pH of the hydrating solution the interpenetration state between polymer brush pairs can be switched when one brush is a weak polyelectrolyte. Since polymer brushes are widely investigated and used to reduce friction between solid surfaces, this effect may have significant implications in the design and operation of polymer brushes with controllable friction properties.
Introduction
The physics of adhesion, lubrication, and friction are determined by the forces of interaction between two surfaces. These forces can be controlled by coating a surface with a polymer brush, 1,2 a highly dense array of polymer chains grafted at one end to a surface to form a carpetlike structure. One very promising application of the polymer brush is to reduce friction. Coating two surfaces with polymer brushes has been shown on many occasions to significantly (by orders of magnitude) reduce the friction relative to bare surfaces. 3, 4 The key to this behaviour is believed to be that even under moderate compression of the brush layers, there is almost no interpenetration between the brushes, leaving a low viscosity interfacial fluid layer where shear can take place easily. 5, 6 If one could therefore control the interpenetration between the two polymer brushes, by for example changing the solution pH, one could manipulate the friction between interfaces.
For both neutral polymer brushes and charged polymer brushes, very low coefficients of friction have been observed, indicating very low levels of interpenetration. [5] [6] [7] This is explained by the polymer in a neutral brush stretching to reduce the high polymer density, just as the polymer in a charged brush stretches to reduce its high charge density. However, if either uncharged or charged brushes come into contact with a similarly charged brush, stretching and thus penetrating into the other brush is unfavourable, as it would neither reduce the polymer nor the charge density. Therefore, the brushes compact with little to no interpenetration resulting in the low friction surfaces reported. Here polyelectrolyte brushes are especially interesting as they can withstand high confining pressures with relatively low overlap due to additional osmotic pressure from the counterions. 8, 9 There are good reasons to believe however, that compressing a charged brush against a neutral brush would show a large amount of interpenetration. As the charged brush is pushed against a neutral polymer brush, stretching and subsequent interpenetration still reduces the charge density in the polyelectrolyte brush, and reduces the high polymer density in the neutral brush. Thus interpenetration between the brushes would be favourable. Further extending this concept by having one of the brushes weakly charged, thus being able to switch between a symmetric state (both brushes uncharged) to an asymmetric state (one charged brush and another uncharged), would allow for a simple method to switch between high and low brush interpenetration.
A technique that is sensitive enough to demonstrate this switch between high and low brush interpenetration is neutron reflectometry. This technique has been used to experimentally confirm the predicted parabolic like volume fraction profile of a polymer brush. 10, 11 However, most previous experimental attempts to determine the structure of two interacting brushes under complete confinement have proven difficult. This is a consequence of the complications involved in bringing two solid surfaces together over a sufficient surface area for neutron reflection.
Typically, using silicon and quartz substrates, confinement less than 80 nm has not been achieved due to the inherent, long range, waviness of the substrates and the difficulty of keeping dust out of the beam footprint area, as demonstrated by Cosgrove et al. 12 Alternative methods of investigating the interaction between two polymer brushes, such as using colloid probe AFM (for example, the work of Pasche et al. 13 ), does not yield direct information about the structure of the polymer brushes whilst they are compressed together. In thin polymer films confinement can also be achieved by anchoring one species of polymer to the air-polymer interface, 14, 15 but unfortunately this approach cannot be used in the presence of a solvent.
More recently, Kuhl and co-workers 12, 13 have been able to partially overcome these limitations by using dense, long brushes approximately 80 nm thick. Confinement was achieved by using another polymer brush layer of similar thickness to bridge the confinement gap between the two solid surfaces and to determine the interaction between the brushes. This work demonstrated that pairs of polystyrene brushes compress under confinement, increasing the polymer density throughout the brush, including near the grafting surface. However, this approach only works for specific polymers with very long brush lengths; here, the chemistry of interest requires the use of much thinner brush layers.
The limitations on bringing two surfaces into direct contact has recently been overcome by using an apparatus combining a surface force type device for use with neutron reflectometry using a flexible thin polymer sheet. 18 A pneumatic pressure was used to deflect the sheet and to control the confinement force. By using a flexible sheet approach, instead of using two solid surfaces to provide confinement, one surface is able to deform over any unintended trapped dust particles or long range surface roughness associated with the solid substrate. This apparatus has made it possible to study the effect of confinement on the structure of thin polymer films, [18] [19] [20] including polymer brush layers, 21 allowing a clear explanation of measured surface forces.
In this article, the structure of two polymer brushes pressed into direct contact with each other in an aqueous environment is considered. The confined brushes are asymmetric, with one brush being uncharged poly(ethylene oxide) and the other being a weak polycation, poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA). Initially, numerical self-consistent field theory (nSCF) is used to examine the effect of charging the brushes. These predictions are then compared to experimental data acquired using the flexible polymer sheet apparatus. The data demonstrate the first example of a system where the interpenetration between polymer brushes can be controlled by simply changing the pH.
Numerical self-consistent field theory simulations
A very successful approach in theoretically predicting the structure or density profiles of two confined polymer brushes is numerical self-consistent field (nSCF) theory. This approach has on many occasions shown excellent agreement with experimentally determined density profiles 22 and with molecular dynamics simulations, 23 For weak polyelectrolytes such as PDMAEMA, the charge or degree of dissociation will depend on the pH, the ionic strength and on the local electrostatic potential. This is modelled by a two state model. 27 For a weakly charged polycation, the basic monomer B comes in two states, As a result, the density profile of a weakly charged brush can deviate from the parabolic profile typically assumed in a-SCF models. Especially at low ionic strength, the degree of
association (positive charge) deep inside the brush will be much lower compared to the degree of association at the edge of the brush. 35 This is the result of the local electrostatic potential being significantly different between these two locations and leads to substantial deviations from the parabolic density profile. However, an increase in the ionic strength leads to a more uniform distribution in the degree of dissociation and the density profile reassumes its parabolic shape.
Here we described two surfaces, separated by a distance of 60 lattice sites that are both decorated with a brush, on one surface the brush is neutral while on the other surface the brush is a weak polybase. Apart from the difference in charge, the brushes are identical, with a chain length of 100 monomers, and grafting density of 0.025 chain per lattice site (or 0.28 chains per nm 2 ). This set of parameters makes sure that we are well within the brush regime for both brushes, using experimentally relevant conditions. We do not go higher in chain length than a 100 monomers to allow for faster computation. By keeping the two polymer brushes identical, As mentioned, for our weakly charged polymer PDMAEMA we assume a monomeric pKa value of 7.5. 33, 34 However, for charged brushes, it is also essential to set a bulk ionic strength, which in this case is set at φs = 0.001, where φs is the volume fraction of salt ions. This corresponds to an ionic strength of about 50 mM. With these parameters, and using the discretization scheme of Scheutjens and Fleer, 24 we solve equations 1 and 2 to obtain the density profiles of both the neutral and the polybasic brush.
At a high pH of 12.5 the polybasic brush is uncharged, and when we subsequently confine the two polymer brushes we find, as expected, only a very low degree of interpenetration, see Figure   1 , pH 12.5. The brushes simply compact against each other into a polymer block with a higher density than the brushes had before compression. The small overlap region in the volume fraction profiles is a result of entropy, as the final parts of the brush are hardly stretched, they can still gain entropy by mixing.
However, at low pH, when the polybasic brush is highly charged steric repulsion between the two brushes is no longer as effective in preventing interpenetration (figure 1, pH 3.5). Bringing together the charged and the uncharged brush leads to a great deal of overlap in the volume fraction profiles and also demonstrates very asymmetric behaviour between the two brushes. The charged polymer chains stretch strongly to lower the electrostatic repulsion (or the resulting osmotic pressure of the counter ions) as much as possible and the neutral polymer chains are thus used to "dilute" the charged monomers and their counter ions.
For pH 3.5, we further find (data not shown) that the density profile of counter ions (Cl -) is essentially equal to the density profile of the charged polymer. This demonstrates that the chain is indeed fully charged, but also that in this confined state the monomeric charges are spread out substantially enough that every location (z) is essentially charge neutral. This strengthens the hypothesis that it is the osmotic pressure of the counter-ions that leads to the substantial swelling (even under confinement) and thus mixing of the charged and uncharged brushes.
For the neutral brush we predict that the change in conformation is much smaller than the charged brush, and is simply a result of the penetration of the charged monomers. As a result of the charges in the brush, more solvent is retained within the charged brush.
So far we have focussed on two extreme cases, but in figure 2 we demonstrate that as a function of pH there is a gradual transition from low to high interpenetration occurring around the brush pKa (between pH 6.5 and 9.5). Here interpenetration is defined as I = ∫ 0 , which is zero when there is no overlap, but becomes very substantial when you have a high volume fraction of the two species ( ) in the same location. Below pH 6 the polybasic brush is fully charged and we find a constant and significant overlap between the volume fraction profiles of the brushes. Above pH 10 the polybasic brush is uncharged and a constant very low degree of interpenetration is found. Our simulations thus clearly confirm that in the proposed asymmetric brush system, consisting of a neutral and a polybasic brush, the brush interpenetration becomes a tuneable parameter. For polyanion brushes, the first and last regions would switch position and the transition region would shift according to the pKa. The toluene (99.8%) and chloroform (>99.9%, HPLC grade) used to make various solutions of the polymers was purchased from Sigma-Aldrich.
The substrates used were silicon blocks of 76.3 mm diameter and 10 mm thickness with the top side polished; these were purchased from Crystran Ltd., UK.
Demineralised (Milli-Q) water with a resistivity of 18.2 MΩcm was used in experiments to hydrate the PEO polymer brushes. For the PDMAEMA brush hydration, a solution with a background ionic strength of 1mM NaCl was used, while the pH was set using HCl and/or NaOH immediately prior to the measurements. The cationic macroinitiator, with structure given above, was synthesised from 2-(dimethylamino)ethyl methacrylate and glycerol monomethacrylate as detailed elsewhere.
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Polymer brush fabrication: Silicon blocks were cleaned by initially soaking them for 1 h in a concentrated piranha solution (97% H2SO4 and 30% H2O2, ratio of 3:1). After rinsing them with an abundance of demineralised water the Si blocks were cleaned with oxygen plasma for 10 min.
To graft a polymer brush to the inherent SiO2 surface of the Si blocks, an intermediate polystyrene, PS, layer is chemically deposited onto the block's polished surface. This is achieved using the methodology of Maas et al. 37 with a solution containing a 9:1 mixture of the Mw 1,700
and Mw 19,000 vinyl-PS polymers dissolved in chloroform with a concentration of 12 g/L. This solution is poured to completely cover the Si block's surface. The block is then left in a fume hood to allow the chloroform to completely evaporate. Afterwards the block is placed in a vacuum oven for 48 h at 150 ˚C and then left to cool for 8 h under an argon gas environment to covalently bond the vinyl groups to the SiO2. After cooling, the block is washed with chloroform to remove excess vinyl-PS.
PEO brushes on a silicon block with a grafting density of 0.2 nm -2 were prepared based on the method of Currie et al, 38 that was later updated by de Vos et al. 39 In this method, a known quantity of a PS-PEO diblock-copolymer is dissolved in chloroform and applied to the surface of a Langmuir-Blodgett trough to form a sparse PEO brush at the air-water interface, with the hydrophobic PS block anchoring the polymer. The barrier of the trough is then used to concentrate the PS-PEO chains at the air-water interface, providing a direct control over the brush grafting density. When the desired grafting density is reached, the polymers are transferred to a PS coated silicon block by Langmuir-Schaefer (horizontal) dipping. The grafting density at the air-water interface needs to be higher than the desired grafting density as some polymer is lost during the transfer. 39 The grafting density was confirmed using a dry thickness measurement acquired by ellipsometry.
The polymer brush layers used to confine all the samples were grafted onto the flexible polymer (Melinex ® ) sheet instead of a silicon block. Initially, a deuterated polystyrene, dPS, layer was deposited onto the Melinex ® from chloroform solution (1 g/L) by spin coating at 500 rpm; resulting in a layer that is over 500 nm thick. This is necessary to provide good reflection and contrast in the neutron experiments and to allow easy grafting of the polymer brush to the surface of the Melinex ® . The later stretching of the Melinex ® to provide confinement is less than the PS yield point in the region of the neutron beam's footprint.
A deuterated poly(ethylene oxide), dPEO, brush was then grafted to the dPS layer using a Langmuir-Blodgett (vertical) dipping method, using a dPS-dPEO diblock-copolymer with the same trough settings as used for the horizontal dipping of the Si blocks. Both dPEO brushes with a brush density of 0.2 nm -2 and 0.15 nm -2 were created to match the grafting density of the brushes on the Si blocks.
In addition, 3 PDMAEMA polymer brushes were grafted onto silicon blocks by surfaceinitiated polymerisation with an approximate grafting density of 0.15 nm -2 , using an activators regenerated by electron transfer-atom transfer radical polymerization (ARGET-ATRP) method, 40 similar to published procedures. 33 Briefly, silicon blocks were washed thoroughly with water, acetone and ethanol before being dried and cleaned by UV/O3 exposure for at least 30 minutes. Blocks were then immersed in a 1 mg.ml The samples were investigated in a neutron reflection confinement cell using a flexible polymer sheet, where full details of this sample environment are described in the article of de Vos et al. 18 However, for the experiments in this article the flexible polymer sheet always had a dPEO brush layer on the side facing the silicon block. The hydrating solution, used to wet the brushes, was dropped onto the silicon block brush prior to increasing the pneumatic pressure of the sample environment to provide contact between each brush pair. For the PDMAEMA brushes, the pH value of this solution (adjusted with HCl and/or NaOH in the presence of 1mM
NaCl) is what is described in this work when we refer to the pH.
The resultant data acquired from these experiments were analysed by fitting a multi-layer optical model to the neutron reflectivity curves. Full details of the model used can be found in the supporting information.
Results and Discussion
Confinement of two neutral symmetric brushes: Experiments were initially undertaken using a pair of uncharged polymer brushes fabricated from PEO and its deuterated equivalent, dPEO.
These experiments were performed in order to demonstrate that the apparatus is indeed capable of determining the structure of the polymer brushes and that direct and full contact between the brushes can be achieved, without the added complexity of charge. The experimental data acquired, Figure 4 , first investigated an unconfined hydrogenated PEO brush, hydrated with H2O. From fits to the neutron reflectivity data, the expected parabolic profile 10,24,28 for a polymer brush was observed. Confinement with a dPEO brush on the polymer sheet allowed the two polymer brushes to be clearly distinguished due to the significant difference in scattering length density between hydrogenated and deuterated materials. When the confining pressure was raised to 1 bar, the fits to the neutron reflectivity data indicate that both brushes compact into separate polymer blocks with very little overlap of their volume fraction profiles. These results are consistent with the nSCF simulations, demonstrating that steric interactions between the uncharged polymers prevent any meaningful interpenetration. However, there is a discrepancy between the simulations and experimental data in the volume fraction of the polymer blocks. Experimentally, this volume fraction is observed to be >90%, yet the simulations suggest a value nearer 40%. The discrepancy, we believe, is due to nSCF theories overestimating the importance of osmotic pressures in a confined environment, as discussed in a previous article. 21 These experimental observations of brush compression are similar to those determined by Kuhl et al.; 11, 16, 17 however, with our improved apparatus, complete contact and compression can be achieved with the results demonstrating that the whole of both brushes will compact almost completely.
Further confinement at higher pressures up to 5 bar, provided in the supporting information, only slightly increased the volume fraction of the compacted polymer blocks and did not affect the degree of interpenetration.
Confinement of asymmetric brushes:
To determine the behaviour of a charged brush interacting with an uncharged brush, hydrogenated PDMAEMA was used. This is a weakly charged cationic polyelectrolyte with a pKa in dilute solution of around 7.5. 33,34 A dPEO brush was compressed with a PDMAEMA brush, with the hydrating solution at different pH values. Figure 5 shows the reflectivity for the three pH levels that were examined. pH values of 2 and 5
were used to measure the interaction between a charged and an uncharged brush. In addition, a pH of 10 was used as a control, since the PDMAEMA will be uncharged at this value and so little interpenetration is predicted. Although weak polyelectrolyte brushes can also be very sensitive to ionic strength as well as pH, the typical ionic strength changes due to pH adjustment in our experiments have been shown to produce little change in swelling for PDMAEMA brushes. 43 Our experimental focus was thus on more extreme pH values (with respect to the pKa)
to unambiguously show the switch between high and low degrees of interpenetration. The neutron reflectivity data acquired when the pairs of polymer brushes were compressed together with a pressure of 6 bar are presented in Figure 5 . For all cases, the data demonstrate several Kiessig fringes. Therefore, reliable fits about the properties of each layer of the sample can be made using a reflectivity model, described in detail in the supporting information. The presence of these clear fringes indicates that the degree of interpenetration is constant across the sample. If this were not the case, the dispersity (different degrees of interpenetration or brush thicknesses in different locations of the sample area) would obscure and blur these fringes. An example of the data acquired from an unconfined PDMAEMA brush can also be found in the supporting information.
For each pH examined, two fits to the data are presented. One of the fits is the best fit possible for the scenario predicted by the nSCF theory above: interpenetrating brushes for the pH 2 or 5 data, and a non-interpenetrating, compact, brush profile for the pH 10 data. As a comparison, an additional fit for the opposite case is also presented, where the only change in the reflectivity model is how we consider the interface between the two brushes. It is clear from the two potential fits as to which scenario applies to each data set. The difference in the average signal level for the interpenetrating and compacted cases is because the reflectivity data are dominated by the hydrogenous PDMAEMA. Therefore, the sharp transition in the scattering length density profile of the compact case and the gradual transition for the interpenetrating case, as shown in the supporting information, results in clearly distinct average neutron reflectivity signal levels.
The volume fraction profiles for the brushes that generate the neutron reflectivity fits and are shown in Figure 6 . The profiles for the predicted interpenetration case, for each pH, are in qualitative agreement with the profile predicted in the nSCF simulations shown in Figure 1 . For the pH 2 and 5 interpenetrating samples, significant overlap is observed between the uncharged dPEO brush and the charged PDMAEMA brush. The PDMAEMA brush also demonstrates the predicted asymmetric behaviour, where the charged PDMAEMA brush is more hydrated than the opposing dPEO brush. Since the dPEO volume fraction is close to 100 % at its grafting interface,
we can conclude that all the hydration in the overlap region has been driven by the charged brush. The dashed volume fraction profiles shown in Figure 6 are the volume fraction profiles used to generate the poor fit in Figure 5 , which correspond to the alternative scenario not predicted by the nSCF simulations. It is important to mention here that the density profiles presented in figure 6 and 7, do not represent true equilibrium situations. With just a 5-20% percent remaining water, the chain mobility will be very low, while additionally with so little remaining water the charge of the PDMAEMA chains will be strongly reduced due to proton dissociation or possibly counter ion condensation. This would mean that the degree of overlap is much more determined upon initial contact between the two polymer brushes, when hydration and thus chain mobility is still high, and when the PDAEMA brush is still much more charged. The more hydrated state determining the overlap after further hydration is also in line with our theoretical approach, where the interpenetration occurs at much higher degrees of hydration. An alternative method of comparing the interpenetrating and compacted brush scenarios is to view each pair of brushes' overlap profile, the product of each brush's volume fraction for any given z co-ordinate, Figure 7 . This figure clearly distinguishes the sharp small physical overlap of the compacted brushes of the pH 10 data set and the broad overlap of the interpenetrating pH 2 and 5 brushes. The lower peak value in Figure 7 for the interpenetrating brushes' overlap profile, compared to the compacted pH 10 profile, is due to the small retention of water with a charged brush lowering the polymer volume fraction profiles of Figure 6 , used to calculate the overlap profile. Interestingly, because the hydration is generally associated with the charged brush, this results in the overlap profile for interpenetrating brushes becoming skewed, in contrast to the compacted overlap profile. This suggests that there may be a slightly increased ability of the uncharged brush to penetrate the charged brush.
Interpenetration between polymer brushes is generally considered as the key parameter that determines the friction between two brush decorated surfaces 44 . Naturally there are other parameters, the sliding rate being an important one, but it can be clear that control over brush interpenetration could also lead to control over friction. Here we propose that specifically our system of a PDMAEMA brush combined with a PEO brush, and more generally any combination of a weak polyelectrolyte brush and a neutral brush under aqueous conditions, would lead to a system where the pH of the solution can be used to tune brush interpenetration and thus friction. A very interesting alternative to our approach was recently published by Raftari et al. 45 They studied two weak polyelectrolytes, a polycation and a polyanion, which gave electrostatic attraction around neutral pH leading to very high adhesion and friction forces. At extreme pH values, high and low, much lower frictional forces were observed as under those conditions just one brush was charged, while the other was uncharged, no longer leading to polyelectrolyte complexation.
Conclusions
In conclusion, it has been clearly demonstrated that in the confinement of a weakly charged and an uncharged polymer brush, the brush interpenetration becomes a parameter that can be controlled by the pH of the hydrating solution. Experimentally, this was investigated with a unique combination of a surface force apparatus and neutron reflection, where two polymer brushes were forced into complete contact. If both of these brushes are uncharged, they compress against each other to form polymer blocks. The brushes then have a high volume fraction with very little overlap between them because any interpenetration would require unfavourable stretching of polymer chains.
However, if one of these brushes is charged, through adjusting the pH of the hydrating solution, we observe that the two brushes significantly interpenetrate each other on initial contact. This interpenetration then remains as the brushes de-hydrate and most of the charge groups are also removed. This interpenetration can be understood as a favourable interaction in the system, where the uncharged polymer is used to dilute and increase the separation of the charges when the confining force removes almost all of the water from the system. The only water that remains is likely bound to hydration shells that form around the few charged groups that remain, which is not sufficient to adequately separate the charges in this system so interpenetration of the uncharged brush is favoured. Further de-hydration then locks the polymer chains in place as there is no kinetic process to re-order them in a heavily dehydrated environment.
For both situations, the experimental data were found to agree with the predictions generated by the nSCF simulations with the exception of the amount of hydration retained by polymer brushes under confinement; where this has been extensively discussed elsewhere. 21 The simulations further demonstrate that a very gradual and potentially tuneable change from low to high interpenetration is expected around the pKa of the polybasic brush.
From our experiments and simulations, we have determined that by adjusting the pH of the solution hydrating polymer brushes we can control their interpenetration. This should prove a significant factor in designing brushes with controllable friction properties.
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